Forests and the forest-based sector play important roles in mitigating climate change through carbon sequestration and storage in living biomass and soil. In Europe, the forest sector is the only sector that positively affects atmospheric carbon balance. After the forest harvest, a large share of carbon is removed together with the wood. This wood carbon might be stored for centuries if in the form of long-lived wood products. In 2011, the United Nations decided that countries should account for and report carbon balance not only in forests but also in harvested wood products (HWP), followed by very general guidelines on methods for carbon accounting in HWP. The Intergovernmental Panel on Climate Change (IPCC) proposed three methodological levels called tiers for estimating carbon stock and its changes in HWP. The first reporting period revealed that countries applied different carbon accounting methods (tiers), therefore comparing the carbon budgets of HWP and the effect of climate change mitigation among different countries is difficult. In order to test the differences between carbon accounting methods proposed by the IPCC guidelines, we applied two carbon accounting methods and used different data sources in the case of Lithuania. The methods applied were the IPCC Tier 2 method (data on HWP from statistics or the literature, default half-life values, and default HWP categories) and material flow analysis, which is compatible with the IPCC Tier 3 method (material flow data on HWP, country-specific half-life values, and country-specific HWP categories). Depending on the availability of historical data from different sources for the purpose of this study, three study periods were defined: 1992-2015 Food and Agriculture Organization Corporate Statistical Database (FAOSTAT) data, 1960-1991 data from the literature, and 1940-1991 data from national statistics. The study findings show that carbon stock in HWP significantly differed when different data sources and methods were applied. The highest carbon stock in HWP (19.5 Mt) at the end of the study period was observed when FAOSTAT data from 1992-2015 were used and the Tier 3 method was applied. The lowest carbon stock in HWP (11.2 Mt) at the end of the study period was observed when data from national statistics from 1940-1991 were used and the Tier 2 method was applied. The carbon inflow into the pool of HWP in all cases was estimated to be 40% higher when material flow analysis was applied compared to the IPCC default (Tier 2) method. These findings suggest that in general it is more reasonable to apply the Tier 3 method for carbon accounting of HWP in Lithuania.
Introduction
Carbon storage in harvested wood products (HWP) is an internationally recognized measure for mitigating climate change. When a forest is harvested, a significant amount of carbon is removed from it and can continue to be stored in the HWP, e.g., in wood as a building material, furniture, paper, etc. Recently, the contribution from EU forests, including wood products, comprised 13% of total EU emissions [1] . About 10% of this carbon amount can be accumulated in HWP [2] . Nevertheless, if the EU Member States do not take additional measures to increase forest felling and/or produce longer, more durable HWP, the carbon content currently stored in HWP eventually will decline [2] . The accurate carbon accounting in HWP is a challenging task because reliable data on production, import, and export are lacking in some cases. The Intergovernmental Panel on Climate Change (IPCC) has published guidelines on default carbon accounting methods and data sources for assessing carbon stocks and stock changes in HWP [3, 4] . Carbon accounting methods and data sources are chosen by the reporting party depending on data availability; nevertheless, the basic principles laid down in the United Nations (UN) decision/resolution must be respected [5] .
The latest IPCC guidelines [4] , based on the decisions of the Durban conference, propose estimating carbon stocks for the three default HWP categories-paper and paperboard, wood-based panels, and sawn wood-but carbon stocks can also be accounted for in other HWP categories if reliable data are available.
One of three accounting methodological levels, Tier 1, 2, or 3, can be used depending on the availability of country-specific activity data and methodology [4] . The Tier 1 method assumes that the HWP carbon stock is constant over time; this is equivalent to assuming instantaneous oxidation of HWP resulting in zero annual net emissions from the pool, as the annual stock change is zero. This method makes the simplistic assumption of no carbon stock in HWP. It should be mentioned that the Tier 1 method can be applied by developing countries only. The Tier 2 method suggests using default HWP categories and Food and Agriculture Organization (FAO) activity data on HWP. The Tier 3 method should use reliable country-specific HWP activity and is a transparent method for estimating carbon stock changes in HWP.
For any accounting method, the main factors influencing carbon stock in HWP and its changes are domestic wood supply and product half-life [6] . The results of carbon accounting in HWP could be significantly affected depending on the method used and data availability [7, 8] . We analyzed the national carbon accounting reports and studies from Canada, Czech Republic, Denmark, Germany, Latvia, Finland, and Slovakia, focusing on their problems and possible solutions [9] . Denmark has encountered discrepancies between national and FAO Corporate Statistical Database (FAOSTAT) data, and Germany estimated that about 20% of wood is not included in the statistics for unregistered but legal fellings [10] . Slovakia carried out a stock flow analysis, which showed that wood consumption was 16% higher than reported in the statistics because the use of industrial wood waste in the production of new HWP had not been evaluated [11] . In Finnish accounting, two carbon accounting methods (Tier 2 for paper products and Tier 3 for other products) are combined. Carbon stock in hard wood products is calculated on the basis of national inventory data for wood products, which is carried out every five years [12] . In 2012, a study was conducted to calculate the balance of wood resources in wood products and energy production in the EU, using a wood flow analysis that covered many wood products [13] . The study showed that the use of a local wood flow analysis can significantly improve the results of carbon accounting. The analyses of other countries' experiences with carbon accounting in HWP showed that the choice of accounting method significantly affects the accounting results.
Forestry and the forest industry are important branches of the Lithuanian economy. There are 2.2 million ha of forestland in Lithuania, 33.5% of the country's territory [14] . Coniferous stands cover the main part (55.6%) of the forest area, followed by softwood deciduous forests (40.9%) and hardwood deciduous forests (3.5%). The average forest area per capita is 0.77 ha. Total growing stock volume is 542.7 million m 3 , and the average growing stock volume in all forests is 256 m 3 /ha. Commercial forests make up 72.3%, while the rest is under some level of protection.
Around half of all forests in Lithuania are state forests, and the remaining forests are private. Forests sequester nearly 25% of all of Lithuania's CO 2 emissions. Annually, Lithuanian forests accumulate about 1.8 million tons of carbon (6.5 million tons of CO 2 equivalent) or about 0.8 t/ha (C). Mandatory reforestation of clear-cuts and expansion of forest areas through afforestation of abandoned lands are among the core principles of Lithuanian forest policy.
The forest certification process began in 2001. Currently, more than 1 million ha of Lithuanian forest is certified according to the FSC (forest stewardship council) standard [15] . All state forests in Lithuania are certified under this system, but the majority of private forest holdings are still not.
The aim of this study was to investigate how the use of different carbon accounting methods in HWP and different data sources affect the results of national HWP carbon stocks. In the case of Lithuania, we tested two carbon accounting methods proposed by the IPCC guidelines, Tier 2 and Tier 3, by using different data sources.
Materials and Methods
For carbon accounting in harvested wood products (HWP), 2 methods, Tier 2 and Tier 3, were applied to compare the results and consider which is appropriate to use in Lithuania. The IPCC Tier 2 method (data on HWP from statistics or literature, default half-life values, and default HWP categories) and the material flow analysis, which is compatible with the IPCC Tier 3 method (material flow data on HWP, country-specific half-life values, and country-specific groups of HWP) were applied. In both cases, to estimate carbon stock in HWP and its annual changes, equations and default carbon conversion factors proposed by the latest IPCC guidelines were used [4] . The main differences of methods applied are shown in Table 1 . Table 1 . Main characteristics of the Tier 2 and Tier 3 methods applied in this study.
Characteristics

Tier 2 Tier 3
Data source FAOSTAT *: HWP ** production, and trade
Wood flow analysis taken from a survey for wood processing companies in Lithuania [16] ; data on forest harvest and trade derived from national statistics [17] Carbon conversion factors Default factors [4] Default factors [4] Half-life values Default values [4] Country-specific values derived from survey results for sawnwood short-life (EURO pallets) and cross laminated timber (CLT); default values for wood-based panels, sawnwood long-life and paper [4] as they are consistent with the country-specific values Categories of HWP Default categories: wood-based panels, sawnwood and paper Country-specific categories: wood-based panels, sawnwood long-life, sawnwood short-life (for EURO pallets), cross laminated timber (CLT) and paper * FAOSTAT-Food and Agriculture Organization of the United Nations, Statistics Division. ** HWP-Harvested wood products.
For estimating carbon stocks and annual carbon stock changes in HWP pool, Equations (1) and (2) were used:
where i = year; C (i) = the carbon stock in the particular HWP category at the beginning of year i, Gg C; k = decay constant for each HWP category given in units yr −1 (k = ln(2)/HL, where HL is half-life of the HWP pool in years); Inflow (i) = the inflow to the particular HWP category (HWPj) during year i, Gg C yr −1 ; and ∆C (i) = carbon stock change of the HWP category during year i, Gg C yr −1 . Default conversion factors for the default HWP categories and their subcategories applied in this study are shown in Table 2 . For country-specific wood products, such as cross laminated timber or EURO pallets, aggregated conversion factors for sawn wood were applied. Depending on the availability of historical data from different sources for the purpose of this study, 3 study periods were defined: 1992-2015 FAOSTAT data, 1960-1991 data from the literature, and 1940-1991 data from national statistics. The country-specific data on the use of industrial residues and half-life for 4 commodities were also gathered during this study.
Data on wood material flow was not available in Lithuania. Therefore, data from a previous study in Lithuania were adapted and used [16] . In that study, a survey for wood processing companies was developed to collect data on the commodities entering and leaving the production processes in the wood processing industry. During the study, the country-specific data on wood flow, including the use of industrial residues for HWP, and country-specific half-life of 4 commodities were obtained ( Table 3) . The material flow data corresponded to 63% of domestic industrial roundwood used by local industries in Lithuania. It should be noted that the material flow analysis included only domestically harvested industrial roundwood. Imported wood flows were excluded from the system. As a limitation, data for only 1 year (2013) were used for the material flow analysis. Available historical data from different sources for the purpose of this study were collected, defining 3 study periods: 1992-2015 FAOSTAT data, 1960-1991 data from the literature, and 1940-1991 data from national statistics [17] [18] [19] [20] . Historical FAOSTAT data are not available prior to 1992, as Lithuania was in the Soviet Union at that time. It should be noted that the available data for some periods were very fragmented. The fragmented data from the literature and national statistics were interpolated to fill the gaps in lost data. All sources provided data as default values for HWP semifinished product categories (paper, wood-based panels, and sawn wood).
The carbon stocks in HWP and their changes were accounted for in accordance with IPCC requirements. The IPCC guidelines stipulate that the Tier 2 method involves the accounting of carbon in HWP made from roundwood only, but in reality, HWP such as wood-based panels and paper are made from secondary raw materials such as sawdust, wood shavings, and waste paper.
The use of secondary raw materials for the production of HWP predominates in different countries [21, 22] . Using the data flow analysis (comparable to the Tier 3 method), it is possible to follow wood (carbon) in the forest sector [23, 24] . Wood flow analysis is an important element in assessing existing carbon HWP flows, which is often ignored due to lack of data [25] .
The IPCC guidelines propose that carbon can be accounted for only for HWP made from domestic harvest [4] . Carbon in imported HWP is excluded from the national carbon budget. Carbon in HWP originating from deforested areas and in exported domestic industrial roundwood is considered as a national carbon loss. According to an international agreement, carbon in exported industrial roundwood is uncountable due to the lack of data on the use of this wood. However, carbon could be attributed to the national carbon budget if reliable data on the exported wood use were available.
Results
The results of this study show that carbon stock in harvested wood products (HWP) differs significantly when different data on HWP are used and different carbon accounting methods are applied. The difference in carbon stocks varied in a range from 4.6 to 5.6 of Mt between Tier 2 and Tier 3 methods during the period from 1992 to 2015 (Figure 1 ). The applied Tier 3 method showed 1.4 times higher carbon stock values during the entire period. The highest carbon stock (19.5 Mt) at the end of the study period (2015) was observed when FAOSTAT data were used and the Tier 3 method was applied. On the other hand, a total carbon stock of 13.9 Mt was observed when national statistical data were used and the Tier 2 method was applied.
Different combinations of methods and activity data sources were chosen to analyze the impacts on the results. FAOSTAT data for many Eastern European countries are available only since their independence. In the case of Lithuania, FAOSTAT data are available since 1992. According to the IPCC guidelines, countries can choose activity data series as well as verifiable and transparent methods.
Effects of Different Accounting Methods
The carbon inflow into the pool of HWP was estimated to be 40% higher when applying the material flow analysis (Tier 3) compared to the IPCC default (Tier 2) The inflow appeared to be higher mainly because of industrial residue usage in the production of semifinished HWP, which was not considered in the Tier 2 method. However, in this study, material flow was tracked for one year only. The carbon inflow differences found in the study year were assumed to be equal for the historical period. This might be seen as a shortcoming of the comparative analysis; however, for estimating current carbon stock, historical data are needed despite the method used. It should be mentioned that material flow analysis of HWP in Lithuania was never done in the past; therefore, in order to compare different methods, simplification was needed. This simplification is necessary in order to be able to estimate carbon stocks and compare them across different accounting methods. If in the future a similar study on material flow analysis is done, missing periods could be interpolated.
The observed decline of carbon inflows in 1990-1992 was fixed due to local political (Lithuania re-established its independence) and economic reasons, which significantly reduced the production. The carbon stock in Lithuania could be even higher if carbon in exported roundwood were tracked and attributed to the national budget. On average, about 1.7 million m 3 of industrial roundwood was exported annually from 2010 to 2014. This corresponds to 33% of country-produced industrial round timber [19] . Thus, a large proportion of local carbon in the roundwood is exported. However, currently there is no methodology to evaluate the exported wood-related carbon flows and HWP half-life. According to the requirements of carbon accounting [4, 5] , if it is not possible to obtain data, the country's roundwood exports are assessed as a national carbon loss. It is clear that the principles and guidelines for carbon budget calculations are not favorable to Lithuania, because the country acts more as an exporter than an importer. No international methodology for calculating carbon stocks in exported roundwood exists. In a case of reliable data and available methodology for assessing carbon-based roundwood, it would be possible to provide higher values for national carbon stocks in HWP. Therefore, studies on determining carbon in exported wood would be required.
Effects of Different Data Sources on HWP
When comparing carbon stock using data from different sources, the total carbon stock obtained by Tier 3 differed from that obtained by Tier 2 (Figure 1 ). Using FAOSTAT data and the Tier 3 method showed, on average, 42% higher carbon stock compared with the Tier 2 method and other data sources. Using combined scientific literature and FAOSTAT data and applying the Tier 3 method showed, on average, 39.7% higher carbon stock compared with the Tier 2 method and the same data sources.
When comparing carbon stock changes in HWP using different data sources, changes varied significantly between the Tier 2 and Tier 3 accounting methods ( Figure 3) . The results show the largest carbon inflow in HWP when using FAOSTAT data and the Tier 3 method. This is mainly because of increased forest fellings in Lithuania after 1991. Statistical FAOSTAT data on production of HWP are available only since 1992. Using combined scientific literature and FAOSTAT data, the Tier 3 method showed, on average, 34% higher carbon stock changes than the Tier 2 method. Using the combined data from the statistics department and FAOSTAT, the carbon stock changes calculated by the Tier 3 method were, on average, 36.6% higher than by the Tier 2 method. The negative change in carbon stocks was recorded in the periods 1942-1947 and 1990-1992 for political and economic reasons that drastically reduced the extent of production (Figure 3 ). The first historical period coincides with the Second World War, and the second one was when Lithuania regained its independence.
The findings of this research-based study do not suggest using any particular accounting method. To make it clear, carbon accounting methods do not increase carbon stocks in HWP, and additional measures will need to be taken if Lithuania decides to contribute to mitigating climate change by increasing carbon stocks in HWP. 
Conclusions
The aim of this study was to reveal the impacts of using different carbon accounting methods for harvested wood products (HWP) and different data sources on national HWP carbon stocks. Three data sources from different periods were used to estimate the carbon stocks in HWP: FAOSTAT (1992 FAOSTAT ( -2015 , scientific literature , and national statistics .
Between the two alternative computing methods (Tier 2 and Tier 3), the carbon stock levels with the Tier 3 method were significantly higher than with the Tier 2 method. The main advantages and disadvantages of the material flow method (Tier 3) are as follows: local and imported carbon are separated in all timber flows, thus completely eliminating the possibility of accounting for carbon in imported wood; and carbon in industrial residues (chips and particles) is included in the carbon stock, taking into account the processes in the wood industry. This was the main reason for the carbon increase. In Lithuania, more than half of wood-based panels are made from industrial wood waste. Despite the advantages of this method, the material flow data in this study are based on only one year, because this type of research was carried out for the first time in Lithuania. Since the material flow analysis is based on data for Lithuania referring to one year only, the results could be compared when comparing similar study results in the future.
If further research is carried out, missing data in intermediate years could be interpolated. In this case, results with higher reliability could be used in national carbon accounting and reporting. It is advisable to apply the Tier 3 method for carbon accounting of HWP in Lithuania. We suggest that the data needed for this method could be updated every five years to avoid compromising accounting reliability. 
